Dengue fever and dengue hemorrhagic fever are hyperendemic to Vietnam with frequent outbreaks and epidemics. Control of the vectors for dengue viruses, Aedes mosquitoes, is critical to maintain control of this disease. In this work, the essential oil of Leucas zeylanica was examined for larvicidal activity against the Aedes mosquito vector. Leucas zeylanica was collected from three different locations in Vietnam. The essential oil was obtained by hydrodistillation and analyzed by gas chromatography-mass spectrometry. The essential oil from the aerial parts of L. zeylanica was screened for mosquito larvicidal activity against Aedes aegypti and Aedes albopictus. The major components of L. zeylanica essential oil from Vietnam are β-caryophyllene, α-humulene, germacrene D, β-selinene, caryophyllene oxide, 1-tetradecanol, and phytol. Leucas zeylanica essential oil showed good larvicidal activity against both Ae. albopictus and Ae. aegypti with median lethal concentration-LC 50 (24 hours) values of 67 and 44 μg/mL, respectively. Thus, L. zeylanica essential oil represents an inexpensive and environmentally benign agent for control of the dengue virus vectors.
plant is a weed of sunny dry localities, often on sandy soils, paddy dams, waste places, sea shores, and roadsides; at elevations from the sea level up to 1000 m. 8, 9 In Vietnam, 11 Malaysia, 12 and Sri Lanka, 13 decoction of the leaves is taken to treat worm infestations, while the leaves are used externally to treat scabies infections of animals.
14 Based on the traditional uses of L. zeylanica to treat scabies and helminth infections, we hypothesized that L. zeylanica essential oil may be an effective larvicidal agent to control Ae. aegypti and Ae. albopictus populations and help alleviate dengue outbreaks in Vietnam. In this work, we present the essential oil composition of L. zeylanica collected in Vietnam and its larvicidal activity against Ae. albopictus and Ae. aegypti.
The essential oils from the aerial parts, leaves, and stems were obtained in 0.015%, 0.012%, 0.027%, and 0.008% yields, respectively. The essential oil compositions are compiled in Table 1 . The major components of the essential oil from the aerial parts and leaves of L. zeylanica were the sesquiterpenoids, β-caryophyllene, α-humulene, germacrene D, β-selinene, and caryophyllene oxide, as well as 1-tetradecanol, and phytol. Essential oil from the stem was found to be rich in tetradecanol, palmitic acid, and alkanes.
Several essential oils of Leucas species, including L. aspera, L. deflexa, L. indica, L. martinicensis, and L. milanjiana, are dominated by the presence of sesquiterpenoids, often with β-caryophyllene as a major component (Table 2) . Some Leucas essential oils (e.g., L. glabrata and L. virgata), however, have shown the oxygenated monoterpenoids to be dominant.
The mosquito larvicidal activities of the essential oil from the aerial parts of L. zeylanica are summarized in Table 3 . The essential oil showed notable activity against both Ae. albopictus and Ae. aegypti. The median lethal concentration (LC 50 ) values, ranging from 37 to 67 µg/mL, compare favorably with other larvicidal essential oils. 24, 25 Interestingly, the major component of L. zeylanica essential oil, β-caryophyllene, has been shown to be inactive against Ae. aegypti (LC 50 >1000 µg/mL), 26, 27 but relatively active against Ae. albopictus (LC 50 = 44.8 µg/mL). 28 α-Humulene 29 and caryophyllene oxide 30 have also shown larvicidal activity against Ae. albopictus (LC 50 = 6.82 and 65.6 µg/mL, respectively), while germacrene D (LC 50 = 63.6 µg/mL) 31 and caryophyllene oxide (LC 50 = 125 µg/mL) 26 are active against Ae. aegypti. The larvicidal activity of L. zeylanicum essential oil can be attributed to the relatively abundant presence of sesquiterpenoids; many sesquiterpene-rich essential oils have demonstrated excellent larvicidal activities. 24, 25 In addition to their larvicidal properties, β-caryophyllene and α-humulene have also demonstrated oviposition deterrent activity on Ae. aegypti. 32 An ethanol extract of L. zeylanica has also shown oviposition deterrence against Callosobruchus spp. (bean weevils), which are important pests of stored grains. 33 Leucas zeylanica is a weedy member of the Lamiaceae, and its essential oil demonstrated good larvicidal activity against both species of Aedes mosquito. The essential oil, therefore, represents an inexpensive, readily available, and environmentally benign vector control agent to prevent the spread of the dengue fever virus.
Experimental

Plant Material
Mature leaves, stems, or aerial parts of L. zeylanica were harvested from plants growing in Dai Loc district, Quang Nam Province (15°53ʹ16ʺN, 107°59ʹ38ʺE; sample AP-QN), Hoa Vang district, Da Nang city (16°00ʹ26.7ʺN, 108°06ʹ30.4ʺE; sample AP-DN), and Hoa Vang district, Da Nang city (15°58ʹ16ʺN, 108°01ʹ38ʺE; samples L-EO and S-EO), in April 2018. The plants were identified by Dr. Do Ngoc Dai, and a voucher specimen (LTH 126) has been deposited in the Pedagogical Institute of Science, Vinh University. Plant materials were air-dried at room temperature (≈25°C), 5 kg samples of each of the plant materials were shredded and hydrodistilled for 4 hours using a Clevenger-type apparatus.
Gas Chromatographic-Mass Spectral Analysis
Each of the essential oils of Leucas zeylanicum was analyzed by gas chromatographic (GC)-mass spectrometry (MS) using a Shimadzu GCMS-QP2010 Ultra (Shimadzu Scientific Instruments, Columbia, MD, USA) operated in the electron impact mode (electron energy = 70 eV, scan range = 40-400 atomic mass units, scan rate = 3.0 scans/s), and using GC-MS solution software. The GC column was a ZB-5 fused silica capillary column (Phenomenex®, Torrance, CA, USA) with a (5% phenyl)-polymethylsiloxane stationary phase and a film thickness of 0.25 µm. The carrier gas was helium with a column head pressure of 552 kPa and a flow rate of 1.37 mL/min. Injector temperature was 250°C and the ion source temperature was 200°C. The GC oven temperature program was programmed for 50°C initial temperature, and the temperature was increased at a rate of 2 °C/min to 260°C. A 5% w/v solution of the sample in CH 2 Cl 2 was prepared, and 0.1 µL of the sample was injected using a splitting mode (30:1). Identification of the oil components was based on their retention indices determined by reference to a homologous series of n-alkanes and by comparison of their mass spectral fragmentation patterns with those reported in the literature, 34 and stored in our in-house Sat-Set library. 35 
Mosquito Larvicidal Assay
Larvae of Ae. aegypti were collected from a mosquito colony maintained at the Laboratory of Parasitology and Entomology of Duy Tan University, Da Nang Vietnam. For the assay, aliquots of the essential oil of L. zeylanica (sample AP-DN) dissolved in dimethylsulfoxide (DMSO) (1% Larvicidal activity against Ae. albopictus was also determined in a similar way.
